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Understanding the factors that regulate the expression and function of MDR transporters could lead to the development of improved therapeutic strategies for overcoming MDR and restricted drug delivery to the brain. Because of its rapid and beneficial clinical effects, the synthetic glucocorticoid dexamethasone is routinely used in the management of patients with intracranial tumors to reduce brain edema (15, 21) . However, dexamethasone is known to differentially alter the expression of efflux proteins depending on the type of tissue or origin of the cells. Since dexamethasone therapy is often combined with chemotherapy for brain tumors, it is important to determine how dexamethasone affects the expression and function of MDR transporters in brain endothelial cells.
The purpose of the present study was to determine whether dexamethasone treatment regulates the expression and activity of relevant transporters, such as P-gp, Bcrp, and Mrp2, at the BBB. We examined both the expression and functional activity of MDR transporters in primary cultures of rat brain microvascular endothelial cells. In addition, since dexamethasone is known to activate nuclear transcription factors such as the glucocorticoid receptor (GR) and the pregnane xenobiotic receptor (PXR) in primary hepatocytes (31, 41) , we also investigated their relative contributions in regulating the expression of these transporters in endothelial cells present at the BBB.
MATERIALS AND METHODS

Materials.
Unless otherwise specified, all reagents including dexamethasone, pregnenolone 16␣-carbonitrile (PCN), and RU486 were of molecular biology grade and obtained from Sigma (St. Louis, MO). Endothelial cell growth supplement and fibronectin were obtained from Cell Sciences (Boston, MA). Specific BCRP inhibitor fumitremorgin C (FTC) was a kind gift from Dr. Douglas Ross (University of Maryland, Baltimore).
Isolation of microvessel endothelial cells from rodent brain. Rats used for isolation of primary endothelial cells were euthanized in accordance with the procedures approved by the Animal Care and Use Committee of the University of Tennessee Health Science Center and are in compliance with the guidelines of the American Association for Laboratory Animal Science. Primary brain microvascular endothelial cells were prepared as described previously (17) . Briefly, brains of 3-wk old male rats (30 -40 g, Sprague-Dawley) were mechanically homogenized in dissecting medium (DM). The DM was composed of medium M199 containing 15 mM HEPES, 20 mM sodium bicarbonate, penicillin (50 IU/ml)-streptomycin (50 g/ml) mixture in conjunction with amphotericin B (2.5 g/ml) and 5% equine plasma-derived serum (Atlanta Biologicals, Atlanta, GA). The homogenate was subjected to primary incubation with 50 g/ml Dispase I (Roche, Indianapolis, IN) in serum-free DM for 30 min at 37°C. The suspension was subjected to centrifugation with 15% dextran solution (in DM). The microvessels were subjected to secondary enzymatic treatment with 1 mg/ml collagenase/dispase (Roche) for 2 h at 37°C. The endothelial cell fragments were separated with a Percoll gradient. The primary brain microvascular endothelial cells were cultured in Dulbecco's modified essential medium (Invitrogen, Gray, CA) with 1 g/l glucose, 15% equine plasma-derived serum, 4% fetal bovine serum (FBS, Atlanta Biologicals), 2 mM L-glutamine, 1 mM sodium pyruvate, 10 mg/ml endothelial cell growth supplement, 5 mg/ml heparin, and antibiotic/ antimycotic solution composed of 100 U/ml penicillin, 100 g/ml streptomycin, and 0.25 g/ml amphotericin B. The cell suspension was seeded onto fibronectin-coated (2-4 g/cm 2 ) T-25 cm 2 flasks (Sarstedt, Newton, NC) or 12-well tissue culture plates (MidWest Scientific, St. Louis, MO). The cells attained confluence ϳ4 -6 days from the day of isolation. On the basis of preliminary assessments, approximately 95-98% of isolated endothelial cells stained positive for the cytoplasmic granules of von Willebrand factor. We assessed cell viability using a Live/Dead kit (Molecular Probes) in selected studies, and we routinely monitored viability using trypan blue exclusion. Cells maintained Ͼ95% viability under the conditions used in the present study.
Total RNA purification and RT-PCR. Total RNA was isolated from brain microvascular endothelial cells using TRIzol reagent (Invitrogen, Carlsbad, CA). Total RNA (5 g) was reverse transcribed using avian myeloblastosis virus reverse transcriptase in a 20-l volume containing 4 l of 5ϫ RT-buffer, 1 l of 100 mM dNTP, 1 l of random primers, and 1 l of RNase inhibitor (SuperArray, Boston, MA) at 37°C for 60 min. PCR was performed with 2 l of the RT reaction product in 25 l volume with 100 mM dNTP, 50 mM MgCl2, 10 units Taq polymerase, and 1 g of each primer. After an initial 15-min denaturation at 94°C, the reaction proceeded for 30 cycles of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C, followed by a final extension of 7 min at 72°C. Primers for Bcrp in primary endothelial cells were designed from the following rat sequence (accession number NM_181381): forward: 5Ј-AGT CCG GAA AAC AGC TGA GA-3Ј and reverse: 5Ј-CCC ATC ACA ACG TCA TCT TG-3Ј. The expected PCR product was 234 bp. Primers for the Mrp2 transporter corresponded to sequences identical to the mouse receptor cDNA (accession number NM_012833), as follows: forward: 5Ј-GAC CAA CAT TGT GGC AGT TG-3Ј and reverse: 5Ј-CAC TAC GCC GAC CTT CTC TC-3Ј. The expected PCR product was 211 bp. For the PXR, the primers were designed from the cDNA of the rat PXR (accession number AF151377), and the sequence of the primers for the PXR is as follows: forward: 5Ј-GAT GAT CAT GTC TGA TGC CGC TG-3Ј and reverse: 5Ј-GAG GTT GGT AGT TCC AGA TGC TG-3Ј. The expected PCR product was 353 bp. The expression of ␤-actin was used for relative quantification (accession number NM_031144; forward: 5Ј-GTG ATG GTG GGT ATG GGT CAG-3Ј and reverse: 5Ј-GGA CAA CAC AGC CTG GAT GG-3Ј). The expected PCR product was 298 bp. The amplicon spanned at least two exons for all primers. PCR products were visualized using ultraviolet illumination on a 1% agarose gel containing ethidium bromide.
Protein extraction and Western blot analysis. The antibodies to the nuclear transcription factor PXR (sc-25381), GR (sc-1002), bcrp (M-70, sc-25822), and GAPDH (sc-32233) were procured from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against p-gp (C219, ALX-801-002) and mrp2 (clone M2III-6, ALX-801-016) were obtained from Allexis Biochemicals (San Diego, CA).
Primary rat brain microvascular endothelial cells were incubated with 250 nM dexamethasone for time periods as indicated. In other studies, the primary endothelial cells were treated with increasing concentrations of dexamethasone (0 -500 nM) for 24 h. The cells were rapidly cooled in an ice bath and resuspended in 4°C lysis buffer containing 10 mM Tris ⅐ HCl (pH 7.4), 0.15 M NaCl, 5 mM EDTA, 1% Triton X-100, 1 mM PMSF, and 25 g/ml each of leupeptin, aprotinin, and chymostatin. Lysates were centrifuged for 10 min at 14,000 g at 4°C. In some cases, nuclear extracts and cytosolic fractions were isolated using the NE-PER kit (Pierce Biotechnologies, Rockford, IL). Total protein was determined using the bicinchoninic acid method (Pierce, CA). Lysates (100 g for whole cell or 25 g for nuclear fractions) were separated by SDS-PAGE using 4 -12% gels and transferred to nitrocellulose membrane. Membranes were blocked overnight at 4°C in 5% nonfat milk. PXR and transporters (bcrp, p-gp, and mrp2) were visualized using primary antibodies at a concentration of 1:500 followed by using horseradish peroxidase-conjugated secondary antibody at 1:1,500. The primary antibody dilutions for the GR and for GAPDH were 1:1,500 and 1:2,000, respectively; the secondary antibody dilutions for GR and GAPDH were 1:2,500 and 1:3,500, respectively. The proteins were detected with chemiluminescence and autoradiography.
Separation of cytosolic and nuclear protein extracts. Primary rat brain microvascular endothelial cells were lysed using a nuclear and cytoplasmic extraction reagent kit (NE-PER) to separate the cytoplasmic and nuclear components, according to the manufacturer's instructions. Samples were normalized for protein concentration using the bicinchoninic acid method. Nuclear extract (10 g) was separated using 4 -12% SDS-PAGE and was Western blotted using specific antibodies to PXR and GR.
Substrate accumulation studies. To assess the combined functional activity of bcrp and p-gp in primary endothelial cells, we measured the accumulation of the fluorescent dye, Hoechst 33342 (Ho342; Molecular Probes, Eugene, OR). Confluent monolayers of primary endothelial cells were incubated at 37°C in 1 ml of transport buffer (120 mM NaCl, 5 mM KCl, 400 M MgCl2, 40 M Ca Cl2, 10 mM HEPES, 10 mM NaHCO3, 10 mM glucose, and 5 mM Na2HPO4) for 5 min and were further incubated with 5 M Ho342 for 45 min. Fluorescence was measured continuously for the 45 min using a spectrophotometer at 350 nm (excitation) and 460 nm (emission). Results are from at least three separate experiments performed in triplicate. Some studies were performed in different sized wells, and therefore the mean fluorescence values differed. However, for a given experimental comparison, the measurements were all done in the same sized wells.
In vivo dexamethasone and PXR immunohistochemistry. Rats used in these experiments were euthanized in accordance with the procedures approved by the Animal Care and Use Committee of St. Jude Children's Hospital and are in compliance with the guidelines of the American Association for Laboratory Animal Science.
Male Sprague-Dawley rats approximately 4 wk old (Taconic, Germantown, NY), weighing 90 to 130 g, were divided into four treatment groups consisting of five rats in each group. Dexamethasone (50 mg/kg) or vehicle control (0.9% saline) was administered by intraperitoneal injection (dexamethasone sodium phosphate 4 mg/ml solution, American Pharmaceutical Partners, Schaumburg, IL). Groups 1 and 2 received a single dose of dexamethasone while groups 3 and 4 received a single intraperitoneal dose of dexamethasone or vehicle control daily for 3 days. Rats were euthanized by CO2 asphyxiation, and tissues (liver and brain) were harvested at 3 h after dexamethasone administration (group 1), 24 h after dexamethasone administration (group 2), 24 h after last dexamethasone administration receiving daily intraperitoneal dexamethasone (50 mg/kg) every 24 h for 3 consecutive days (group 3), and, finally, 24 h after last administration of vehicle control every 24 h for 3 consecutive days (group 4).
Tissues were fixed in 10% neutral buffered formalin and were embedded in paraffin blocks for sectioning. Immunohistochemistry was performed as previously described, with minor modifications (42) . Briefly, paraffin sections were heated for 1-2 min using a microwave oven. The specimens were deparaffinized in a series of CitriSolv clearing agents (Fisher Scientific) and rehydrated through graded alcohols to water. Endogenous peroxidases were blocked by incubation with 3% H2O2 in methanol (1:10; 30% H2O2, SigmaAldrich), followed by blocking of endogenous avidin/biotin (Vector Labs, Burlingame, CA). A nonspecific protein blocking step was incorporated using a commercially available protein blocking solution (DAKO, Carpinteria, CA). Primary polyclonal antibody against PXR.1 clone A-20, (Santa Cruz Biotechnology) was diluted 1:100 (2 g/ml) in a commercially available antibody diluent (Zymed, South San Francisco, CA). Negative controls were isotope matched for caprine IgG at a concentration of 2 g/ml (Vector Labs). Primary antibodies were incubated overnight at 4°C in a humid chamber. The following day, specimens were treated with biotinylated secondary antibody at a concentration of 4 g/ml in antibody diluent (Vector Labs) and were treated subsequently with undiluted streptavidinhorseradish peroxidase solution (DAKO) in phosphate-buffered saline (pH 7.4). Sections were visualized with diaminobenzidine (DAKO) and counterstained with hematoxylin (DAKO). Specimens were mounted in permanent medium (Fisher Scientific, Suwannee, GA). Data were recorded by light microscope examination by a blinded reviewer, and grading of intensity was assessed. Staining was scored as nonexistent, light, intermediate, or intense staining.
Data analysis. All experiments were replicated at least three times. Where applicable, data are presented as means Ϯ SE. Densitometric values were determined from digitized images of autoradiographs using Quantity One software (Bio-Rad). Values were then corrected for background and normalized to controls. Statistical analysis of data obtained was carried out using the GraphPad software (San Diego, CA). Statistically significant differences among treatment groups were evaluated by ANOVA followed by the Student-Newman-Keuls posttest for multiple comparisons. Differences were considered statistically significant at P Ͻ 0.05.
RESULTS
Dexamethasone increased transcription of Bcrp and Mrp2.
Previous studies demonstrated that treatment with dexamethasone caused increased expression of P-gp in rat brain microvessels (4, 32) . To determine whether dexamethasone treatment altered the expression of other drug efflux transporters at the BBB, freshly isolated, primary cultures of rat brain endothelial cells were cultured with increasing concentrations of dexamethasone (0 to 500 nM) for 24 h. As shown in Fig. 1 dexamethasone significantly increased transcript levels of Bcrp and Mrp2 in a concentration-dependent manner. The transcripts of Bcrp and Mrp2 were significantly induced by treatment with 250 nM dexamethasone, and maximal induction was attained with 500 nM dexamethasone. No further increase was observed with higher dexamethasone concentrations (up to 10 M; data not shown).
Dexamethasone increased expression of bcrp, p-gp, and mrp2 protein.
To determine whether the increase in mRNA expression resulted in changes in protein expression, endothelial cells were cultured with increasing concentrations of dexamethasone for 24 h. Fig. 2A demonstrates a significant (2-to 3-fold) upregulation of protein expression of bcrp, p-gp, and mrp2 transporters that was concentration dependent. To assess the kinetics of induction of protein expression, primary cultures were incubated with 250 nM dexamethasone for varying time periods up to 24 h. As shown in Fig. 2B , significant induction of the bcrp, p-gp, and mrp2 protein was observed as early as 6 h and was elevated for as long as 24 h.
Dexamethasone increased the functional activity of bcrp and p-gp. To investigate whether the increase in protein expression resulted in greater functional activity of bcrp and p-gp, we measured Ho342 accumulation in cells after dexamethasone treatment. Previous studies have shown that in addition to being a substrate for bcrp, Ho342 is also recognized by pglycoprotein (p-gp) as one of its substrates (38) . Moreover, consistent with our observations, a report by Bauer et al. (4) showed that in vivo treatment of rats with dexamethasone caused increased expression and activity of p-gp in rat brain microvessels. Therefore, our functional studies, shown in Fig.  3A , represent the activity of both transporters. Fig. 3A shows accumulation of Ho342 in endothelial cells treated with or without dexamethasone (250 nM) for 24 h. Dexamethasone treatment resulted in significantly less Ho342 accumulation. To evaluate whether the effect of dexamethasone was concentration dependent, endothelial cells were treated with increasing concentrations of dexamethasone (up to 500 nM) for a period of 24 h. Endothelial cells treated with increasing concentrations of dexamethasone accumulated correspondingly lower levels of fluorescent dye. The steady-state accumulation of Ho342 was significantly decreased by treatment with as little as 50 nM dexamethasone (Fig. 3B) . In time-course experiments, endothelial cells were treated with dexamethasone (250 nM) for specified time periods, up to a maximum of 24 h. Consistent with the kinetics of upregulation of mRNA and protein, the increase in functional activity was also dependent on the time of treatment with dexamethasone (Fig. 3C) . The accumulation of Ho342 dye was significantly reduced by 6 h of dexamethasone treatment and continued to decrease with increasing duration of dexamethasone treatment up to 24 h.
To distinguish between the contributions made by dexamethasone-induced increase in p-gp and bcrp activity, we used a selective and potent inhibitor of bcrp function, FTC (16) . Endothelial cells were cultured with dexamethasone (250 nM) for 24 h. Endothelial cells were then incubated with FTC (5 M) for 15 min before and then during the functional assay. FTC partially restored accumulation of the dye in dexamethasone-treated endothelial cells as shown in Fig. 4 . However, the restoration of function was still significantly less than untreated endothelial cells, suggesting that both p-gp and bcrp participate in effluxing the dye.
Inductive effects of dexamethasone were reversible. To assess whether the stimulatory effects of dexamethasone were reversible, endothelial cells were initially cultured in media containing dexamethasone (250 nM) for 24 h followed by a 24-h incubation without dexamethasone. As shown in Fig. 5A , treatment of endothelial cells with dexamethasone significantly induced the expression of drug efflux transporters, bcrp, p-gp, and mrp-2. However, the endothelial cells that were further cultured in the absence of dexamethasone exhibited protein levels similar to that of control, untreated cells. Partial recovery of function also occurred (Fig. 5B) . Endothelial cells cultured in the presence of dexamethasone accumulated significantly less Ho342 dye in comparison with untreated cells, but Ho342 dye accumulation increased after dexamethasone was washed off. However, the accumulation of Ho342 dye did not fully return to the level of untreated endothelial cells.
Dexamethasone-induced upregulation of bcrp: role of the GR. Dexamethasone has been demonstrated to transcriptionally modulate the expression of a multitude of genes involved in drug metabolism and disposition via the GR pathway. Ligand-activated GR is translocated from the cytoplasm to the nucleus, wherein it binds at specific glucocorticoid response elements with promoters (25) . Therefore, we investigated whether the GR pathway regulated expression of bcrp, p-gp, and mrp-2.
Primary endothelial cells treated with dexamethasone (250 nM) exhibited significant accumulation of GR in the nuclear compartment in comparison with untreated cells, where the GR was mainly concentrated in the cytoplasmic extract (data not shown). To investigate the potential contribution of GR in modulating transporter expression, cells were incubated with either dexamethasone alone (250 nM) or dexamethasone in conjunction with the GR antagonist, RU486 (250 nM) for 24 h. As shown in Fig. 6A , endothelial cells treated with dexamethasone exhibited enhanced transcription of Bcrp and Mrp2, but transcript levels of Bcrp were reduced in the presence of RU486. In contrast, RU486 did not influence the dexamethasone-induced transcription of Mrp-2. These findings were further reflected in the protein expression and functional studies. As shown in Fig. 6B , dexamethasone significantly induced protein expression of bcrp, p-gp, and mrp-2, but treatment with dexamethasone and RU486 resulted in decreased bcrp and p-gp protein expression and no change in mrp2 expression. Fig. 6C depicts the functional activity of bcrp and p-gp in endothelial cells cultured in the presence of dexamethasone (250 nM) alone or equimolar concentrations of dexamethasone in conjunction with RU486 for 24 h. Dexamethasone-treated endothelial cells accumulated significantly less Ho342 dye, whereas endothelial cells cultured with dexamethasone and RU486 accumulated significantly higher Ho342 dye compared with cells treated with dexamethasone alone. RU486 by itself had no effect on expression or function of any of the transporters investigated (data not shown).
Specific PXR ligand pregnenolone PCN increased expression of bcrp protein.
Since blockade of the GR pathway only partially restored bcrp and p-gp expression and function and had no effect on mrp-2, and since the nuclear transcription factor PXR has been shown to regulate the expression of p-gp, we investigated whether the well-established activator of PXR, PCN, increased the expression of bcrp. As shown in Fig. 7A , there was an increase in bcrp protein expression in endothelial cells treated with 10 M of PCN for 24 h. To investigate whether the increase in protein expression resulted in greater functional activity, we measured Ho342 accumulation in cells following PCN treatment. Fig. 7B shows the time course of accumulation of Ho342 in endothelial cells treated with or without PCN (10 M) for 24 h. PCN treatment resulted in significantly less Ho342 accumulation.
Rat brain microvascular endothelial cells express PXR, and dexamethasone increased PXR expression.
Using RT-PCR, we observed PXR mRNA in rat brain microvascular endothelial cells. Treatment of rat brain microvascular endothelial cells with increasing concentrations of dexamethasone (0 to 500 nM) for 24 h caused increased levels of PXR mRNA (Fig. 8A) . We next evaluated whether dexamethasone influenced the protein levels of PXR. Western blot analysis of nuclear extract proteins revealed significantly higher levels of PXR in the nucleus of dexamethasone-treated cultures in comparison with control, untreated cultures (Fig. 8B) . Similar to the results obtained with bcrp, p-gp, and mrp-2, expression of PXR returned to control levels 24 h after removal of dexamethasone (Fig. 8C) .
To investigate whether the dexamethasone-induced increase in p-gp and expression of PXR were related to the GR pathway, endothelial cells were cultured with 250 nM dexamethasone or equimolar concentrations of dexamethasone and RU486. As shown in Fig. 8D , cells cultured in the presence of dexamethasone expressed significantly higher levels of PXR, but treatment with RU486 significantly reduced the dexamethasone-induced increase. Taken together, these results suggest that the GR pathway contributed to dexamethasone-mediated induction of PXR and bcrp, but the full response was not GR dependent.
Dexamethasone increased PXR expression in vivo. To determine whether the increase in PXR expression that we observed in response to dexamethasone occurred in vivo, we injected rats with dexamethasone (50 mg/kg) every 24 h for 3 days and evaluated the expression of PXR in rat brains by immunohistochemistry. Fig. 9 shows basal expression of PXR in endothelial cells of brain microvessels from control, salinetreated rats (Fig. 9, B and E) compared with rats treated with dexamethasone for 24 h (Fig. 9C ) and 72 h (Fig. 9D ). Figure 9 , E and F, shows higher-magnification fields that include axial views of microvessels from rats treated with either saline control (Fig. 9E) or dexamethasone for 72 h (Fig. 9F) . When slides were scored by a blinded observer, PXR expression was increased by both 24-h and 72-h treatment with dexamethasone compared with controls. The observer found that in salinetreated rats, four out of five sections exhibited light staining and one out of five exhibited moderate staining. In rats treated with dexamethasone for 24 h, four out of five exhibited moderate staining and one out of five exhibited dark staining. After 72 h of treatment, four out of four sections exhibited dark staining. 6 . Glucocorticoid receptor antagonist RU486 partially inhibited the dexamethasone (Dex)-induced stimulation of Bcrp, P-gp, and pregnane xenobiotic receptor (PXR) but had no effect on Mrp-2. Primary endothelial cells were untreated (CTL) or treated with dexamethasone (250 nM) alone or in combination with RU486 (250 nM) for 24 h. A: transcript levels of Bcrp and Mrp-2 were evaluated by RT-PCR, using total cellular RNA as described in MATERIALS AND METHODS. B: protein levels of bcrp, p-gp, and mrp-2 from whole cells were evaluated by immunoblotting using 100 g protein loaded per lane. Representative blots from an experiment performed 3 times are quantified by densitometry in the bar graph. **P Ͻ 0.01 vs. untreated (CTL) cells, *P Ͻ 0.05 vs. dexamethasone-treated cells, #P Ͻ 0.05 vs. untreated (CTL) cells. C: functional activity of BCRP and P-gp was determined by measuring the Ho342 dye accumulation in primary endothelial cells as described as MATERIALS AND METHODS.
DISCUSSION
The use of chemotherapy to treat brain tumors is limited by the ability of the antitumor compounds to cross the BBB, and the expression of MDR proteins in endothelial cells of the BBB contributes significantly to the limited drug penetration. Our results demonstrate that dexamethasone, commonly used to reduce edema in the treatment of brain tumors, significantly increased the expression of three important drug efflux proteins in primary cultures of rat brain endothelial cells: bcrp, p-gp, and mrp2. The increase in expression and functional activity of the transporters was dose dependent and reversible, and both the GR and PXR were involved in the upregulation. We also found that treatment with dexamethasone, both in vitro and in vivo, increased the endothelial cell expression of PXR, a nuclear receptor that plays a prominent role in the regulation of expression of drug efflux pumps and metabolizing enzymes.
Although dexamethasone is a recognized inducer of drugmetabolizing enzymes such as members of the cytochrome P450 (CYP450) family (31, 41) , the effect of dexamethasone on the expression of drug efflux proteins appears to be tissueand cell-type specific. For example, while treatment of rats with dexamethasone caused increased expression of p-gp in brain microvessels (4, 32) , liver and lung (9) , and small intestine (29), other results from these studies demonstrated no change or decreased p-gp expression in the brain, kidney, and liver (9, 29) . Mrp2 expression was also increased in brain microvessels in the studies by Bauer and colleagues (4) . In primary cultures of rat hepatocytes, dexamethasone treatment stimulated decreased expression of P-gp (12, 37) and increased expression of Mrp2 (7). In other cell culture studies, dexamethasone was shown to increase transcription of MRP3 in human lung carcinoma A549 cells, whereas it had no effect on transcription of the MRP2 gene (33) . A 1-h treatment of the rat brain endothelial cell line GPNT caused decreased uptake of vincristine, a p-gp substrate, but there was no increase in p-gp expression (34) . Our results with primary cultures of rat brain endothelial cells demonstrate that dexamethasone increased the transcription and expression of both p-gp and mrp2. These results are consistent with those of Bauer et al. (4) , but studies by Mei et al. (29) did not demonstrate an effect of dexamethasone on p-gp expression in the rat brain. However, the studies by Mei and collaborators used lower doses of dexamethasone (Ͻ20 mg/kg), and this may account for the lack of an effect in their studies.
Our results extend the findings from the previous studies because we have demonstrated for the first time that dexamethasone increased the expression and functional activity of bcrp in rat brain endothelial cells. We detected changes in protein expression with dexamethasone concentrations as low as 100 nM (Fig. 2) , and both protein expression and functional activity were increased within 6 h of treatment with 250 nM (Figs. 2  and 3 ). Changes in functional activity were apparent with dexamethasone doses as low as 50 nM (Fig. 3) . Forster and colleagues (13) found that dexamethasone induced the expression of the metalloproteinase inhibitor TIMP-1 in a cerebral endothelial cell line, and that the induction was most prominent at 100 nM (13) . Because we did not determine mRNA expression levels at earlier times and since we did not observe significant changes in functional activity at times as early as 3 h, we cannot speculate on whether the effects of dexamethasone were strictly genomic in nature. We also found that the effect of dexamethasone was partially reversible; while protein expression appeared to return to pretreatment levels 24 h after removal of dexamethasone, the functional activity did not recover completely (Fig. 5) . Using the bcrp inhibitor, FTC, we demonstrated that the increase in functional activity (Ho342 efflux) was due to both p-gp and bcrp (Fig. 4) . We did not specifically examine the functional activity of mrp2.
The expression of drug efflux transporters is generally thought to be regulated at the transcriptional level, and while the transcriptional regulation of P-gp expression has been well studied, the regulation of Bcrp expression is not as extensively studied (3, 35, 40) . Furthermore, the role of nuclear receptors such as constitutive androstane and GR has been investigated in the regulation of xenobiotic metabolizing and transporter systems in intestinal cells and hepatocytes (30) , but the roles of these and other transcription factors in regulating MDR transporters at the BBB have not been well characterized. Using the GR antagonist RU486, we partially blocked the dexamethasone-stimulated increase in expression of p-gp and bcrp (Fig.  6) , suggesting that the GR pathway is involved in the regulation of these transporters. Consistent with the findings of others in hepatocytes (7, 11) , Mrp2 expression appeared to be independent of GR in brain endothelial cells. Mrp2 expression has previously been reported to be regulated by PXR in rat hepatocytes (22) and in rat brain microvessels (4).
Bauer and collaborators (4) were the first to report that PXR was expressed in BBB microvessels in the rat and that both dexamethasone and a specific PXR ligand, PCN, stimulated expression of P-gp and Mrp2. On the basis of their findings, we treated primary cultures of brain endothelial cells with PCN and demonstrated a significant increase in the expression and functional activity of bcrp (Fig. 7) . To our knowledge, this is the first report of PXR-mediated regulation of Bcrp expression at the BBB. A recent report demonstrated induction of Bcrp mRNA in the livers of PXR ϩ/ϩ but not in PXR Ϫ/Ϫ mice following treatment with 2-acetylaminofluorene (2), while others have reported no induction of Bcrp in the livers or intestines of mice following treatment with PCN (18) . Both of these studies examined mRNA isolated from whole organ homogenates, while our study examined primary cultures of brain endothelial cells. Another study found a correlation between the expression of mRNA of four ABC transporters (P-gp, MRP1, MRP2, and BCRP) and PXR expression in liver and peripheral blood mononuclear cells in humans (1) . With limited information about the promoter region of the Bcrp gene (3), we can only speculate that there may be a PXR-response element in the promoter region of the Bcrp gene. In addition to demonstrating that PXR can regulate the expression of Bcrp, our results also show that dexamethasone increased the expression of PXR both in vitro (Fig. 8 ) and in vivo (Fig. 9 ). Down and colleagues (10) recently reported an increase in PXR mRNA expression in the livers of mice following dexamethasone treatment, but to our knowledge, our results are the first to demonstrate the increase in protein expression at the BBB. This finding is significant since PXR is known to be an important regulator of transcription for many genes that are important in the regulation of xenobiotic metabolism (23) . The expression of PXR protein in isolated cells paralleled that of BCRP protein in its dose dependence (Figs.  1, 2, and 8 ). In addition, the effect of dexamethasone on PXR expression was reversible (Fig. 8) , similar to the reversibility for each of the transporters investigated (Fig. 5) . Supporting the in vitro data, the PXR-inductive effects of dexamethasone were also observed in brain slices harvested from dexamethasonetreated rats. The effects of dexamethasone were time dependent, with visibly increased staining for PXR observed at 24 h and increased staining observed at 72 h. Although we did not demonstrate changes in bcrp expression in vivo following dexamethasone treatment, our in vitro studies suggest that this may occur. As discussed above, our results suggest that the GR pathway in part regulates expression of p-gp and bcrp, but we also demonstrated that the dexamethasone-induced increase in PXR expression was partially inhibited by treatment with RU486. This suggests that dexamethasone may be capable of inducing MDR transporter expression through direct interactions with GR and PXR, but also through GR-mediated upregulation of PXR. Pascussi et al. (31) proposed a similar regulatory pathway for the expression of CYP3A4 in human hepatocytes. They suggested that low concentrations (submicromolar) of glucocorticoids activated the expression of PXR through the GR pathway, but that higher concentrations directly activated PXR. Our results do not confirm this possibility, but they do support the possibility of a glucocorticoid response element in the promoter region of the PXR gene. It should also be pointed out that RU486 is a known activator of PXR in hepatocytes (39) . However, RU486 did not induce PXR or any of the transporters in our studies (data not shown). However, the concentrations used in our studies were significantly lower than those used in the study by Teng and colleagues [25-50 M (39) ]. We observed cytotoxicity in our endothelial cells when we used micromolar concentrations of RU486.
The concentrations of dexamethasone used in our in vitro studies are comparable to those observed in patients treated with glucocorticoids (12) . Moreover, the results appear consistent with the fact that dexamethasone typically becomes effective within 24 -72 h of treatment. These results may have significant clinical implications. Dexamethasone-induced alterations in transporter levels may lead to altered pharmacokinetics and variable drug disposition of concomitant chemothera- Fig. 9 . Dexamethasone stimulated protein expression of PXR in vivo. Representative sections of brain microvessels of rats treated with dexamethasone (50 mg/kg) are shown. Increased exposure to dexamethasone demonstrated increased levels of PXR as evaluated by immunohistochemistry. A: a negative control showing staining following incubation with an isotope-matched IgG instead of the primary antibody to PXR. All other panels were stained following incubation with the PXR antibody. B: a section from a salinetreated rat exhibiting minimal staining. C and D: microvessel sections from rats treated with dexamethasone for 24 h (C, moderate staining) and 72 h (D, intense staining). E and F: higher-magnification views from rats treated with either saline (E) or dexamethasone (F) for 72 h. Axial views of microvessels are shown. peutic agents. More specifically, overexpression of transporters at the BBB may further restrict the penetration of therapeutic agents targeted to specific areas of the brain. These findings may also explain the clinical finding that dexamethasone increased the clearance of irinotecan, a substrate of BCRP (14) . In addition, a wide spectrum of proteins belonging to the cytochrome P450 family is expressed by brain endothelial cells, and these may in turn be regulated by PXR. Dexamethasone may then induce both drug efflux transporters and drug-metabolizing enzymes, acting through both GR and PXR. Such effects of dexamethasone treatment on brain endothelial cells would reduce the effectiveness of chemotherapeutic treatments for patients with malignant brain tumors. As the bloodcerebrospinal fluid barrier provides another significant interface between the central nervous system and blood, and transporters expressed by the choroid plexus epithelial cells regulate entry of substances into the brain ventricles, it would also be of interest to assess the influence of dexamethasone at this barrier.
The role of drug efflux proteins at the BBB to protect the brain from xenobiotic compounds is well established. The consequences of adjuvant therapy such as the use of corticosteroids have not been extensively investigated to determine whether or not such treatment would be detrimental for the penetration of other drugs. Our findings suggest that corticosteroids such as dexamethasone may diminish the effectiveness of drugs that are required to penetrate the BBB.
